Abstract -A quantitative method of estimating the efficiency of formation of macromolecular metal complexes of carboxyl-containing (co)polymers with transition-metal ions in dilute solutions was developed. This method is based on the luminescence quenching of luminescently labeled macromolecules by transition-metal ions. With the use of this method, the effect of the chemical (including isomeric) structure of carboxyl-containing (co)polymers and external conditions on the stability of macromolecular metal complexes based on copper, nickel, and silver ions was assessed. With consideration for the data obtained, a targeted variation in the functional characteristics of macromolecular metal complexes may be accomplished.
INTRODUCTION
Function of transition-metal ions in biological systems [1, 2] , the employment of polymers in modern technologies for concentration and isolation of metal ions from solutions, water purification and preparation, as well as other applications of transition-metal ions in combination with polymers [3] [4] [5] [6] , are primarily determined by the ability of these ions to form stable contacts with macromolecules of naturally occurring and synthetic polymers. These contacts appear owing to development of a system of electrovalent and coordination bonds between metal ions and certain groups of a polymer (charged acidic groups and electron-donor atoms, such as O, N, and S); as a result, a new polymer system, a macromolecular metal complex (MMC), is formed.
The efficiency of formation of MMCs and the stability of a system of ion-polymer bonds that control the behavior of MMCs depend on the number and energy of electrovalent and coordination bonds and, consequently, on the charge, coordination number, and nature of ions, as well as the number, nature, and mutual arrangement of charged groups and electronegative atoms in a macromolecule, that is, on the chemical structure of the polymer. Knowledge about effects of the chemical structure of polymers and the nature of ions on the efficiency of formation of MMCs provides a means of targeted variation in the functional characteristics of MMCs.
In many instances, MMCs should function in highly dilute solutions containing only traces of metal ions. Therefore, elaboration of highly sensitive quantitative methods for studying the efficiency of formation and stability of MMCs under these conditions presents an urgent problem.
Among methods employed to gain insight into the formation, structure, and stability of MMCs, of particular sensitivity are optical methods based on studying various photophysical processes that occur during interaction of metal ions with polymers. These processes include (1) changes in the absorption spectra of metal (Fe) ions upon their binding by macromolecules [7] ; (2) appearance of intense luminescence related to ions of rare earth metals (Tb) upon their interaction with certain polymer fragments and a decrease (disappearance) in the intensity of their luminescence when these ions pass to a competitor polymer of another structure [8, 9] ; (3) quenching of luminescence of luminescently labeled macromolecules upon their interaction with metal (Fe) ions and its buildup upon dissociation of MMCs or transition of metal ions on a dark (lacking luminescent groups) competitor polymer [7] ; and (4) changes in the dynamic properties of macromolecules induced by formation or dissociation of MMCs [7] [8] [9] 11] , as investigated by polarized luminescence [10].
The above methods make it possible to examine solutions characterized by very low concentrations of polymers (down to 0.01 wt % or less) and metal ions (down to 10 -5 -10 -6 mol/l). These approaches were used advantageously to study the formation, structural organization, and stability of MMCs of carboxyl-containing polymers and copolymers of diverse chemical structures with Fe and Al ions in aqueous solutions [7, 11] and Tb ions in water and organic solvents [8, 9] . How- ever, the cited publications did not concern equilibrium stability constants of MMCs that provide quantitative estimates for the efficiency of complexation.
In this paper, we describe a method for the quantitative estimation of the efficiency of formation of MMCs of carboxyl-containing (co)polymers with transitionmetal ions at very low concentrations of a polymer and metal ions in solution. This method was employed to study the effect of the chemical structure of (co)polymers, the nature of ions, pH, and the ionic strength of solution on the stability of MMCs.
Since ions of transition metals (Cu 2+ , Ni 2+ , Ag + ) are capable of luminescence quenching [12] , the photophysical process relying on quenching of luminescence of luminescently labeled macromolecules by transition-metal ions as a result of their binding by macromolecules was used as a basis.
EXPERIMENTAL

Objects of Research and Analytic Procedures
The objects of research of this study are water-soluble carboxyl-containing polymers and copolymers of various compositions and structures. Ionized carboxyl groups are capable of forming electrovalent contacts with metal ions. As polymer chain fragments containing carboxyl groups, we chose to use monomer units of acrylic ( I ) or methacrylic ( II ) acids; N -methacryloylaminobenzoic acid of various isomeric structures, namely, ortho
or para ( V ) ; and N -methacryloylami- With a change in the chemical structure of a monomer unit, the amount of electron-donor atoms alters, while a variation in the isomeric structure causes the mutual arrangement of charged groups and electrondonor atoms to change. The transition to structures VI and VII allows one to clarify the effect of OH groups that show a weakly acidic behavior (  K ~ 10 ) and can form electrovalent bonds with metal ions along with carboxyl groups.
Herein, we investigated carboxyl-containing homopolymers I -V and copolymers of II -VII with lin-
The transition from homopolymers to copolymers enables one to alter the number of charged groups in macromolecules and to preserve the solubility of MMCs even upon full mutual compensation of positive and negative charges. The fraction of carboxyl-containing units in the copolymers was varied from 5 to 30 wt %. The dynamic quenching of luminescence of luminescently labeled macromolecules by transition-metal ions was studied for homo-and copolymers containing 0.1-0.3 mol % of luminescent 9-alkylanthracene labels. The synthesis of (co)polymers was described in [8] . 
